Objective: To evaluate the effect of overweight and obesity on outcomes and resource use among patients with sepsis in the pediatric intensive care unit (PICU). Design: Retrospective analysis of clinical characteristics, resource use, and mortality among children 0 to 20 years of age admitted to the C.S. MottChildren's Hospital PICU (University of Michigan) between January 2009 and December 2015, with a diagnostic code for sepsis at admission (based on International Classification of Diseases, Ninth Revision-Clinical Modification codes) and with weight and height measurements at PICU admission. Measurements and Main Results: A total of 454 participants met the inclusion criteria. Seventy-six were categorized as underweight (body mass index [BMI] percentile <5th) and were excluded, which left a final sample size of 378 participants. Children with a BMI >5th and <85th percentiles for age were categorized as normal weight and those with a BMI >85th percentile as overweight/obese. After descriptive and bivariate analyses, multivariate regression methods were used to assess the independent effect of obesity status on mortality and the use of PICU technology after adjustment for patient age and illness severity at admission. Of the 378 patients studied, 41.3% were overweight/obese. There was no difference in microbiologic etiology of sepsis (P ¼ .36), median PICU length of stay in days (5.4 vs 5.6; P ¼ .61), or PICU mortality (6.4% vs 7.2%; P ¼ .76) by weight status. The use of specialized PICU technology including extracorporeal membrane oxygenation (odds ratio [OR]: 2.77, 95% confidence interval [CI]:1.13-6.79) and continuous renal replacement therapy (OR: 4.58, 95% CI: 1.16-18.0) was higher among overweight/obese patients, compared with normal weight patients. Conclusions: Although PICU mortality and length of stay were similar for obese-overweight patients and normal weight critically ill children with sepsis, there was significantly higher use of specialized organ-supportive technology among obese patients, likely indicating higher occurrence of multiple organ dysfunction.
Background
Rates of childhood obesity have reached epidemic proportions. In 2014, 17% of children and adolescents (2-19 years of age) in the United States were obese, with body mass index (BMI) >95th percentile. 1, 2 Given this high prevalence, it is important to evaluate the short-and long-term sequelae of childhood obesity. Although heightened risk of metabolic disease has been associated with obesity, there are multiple nonmetabolic diseases that obese children are at a risk of including infection, 3 obstructive sleep apnea, cancer, orthopedic complications, psychosocial impairment, and autoimmunity. [4] [5] [6] Obesity is associated with chronic low-grade inflammation, characterized by elevated levels of C-reactive protein, interleukin 6, tumor necrosis factor-a, and absolute neutrophil count. 7, 8 This inflammation is thought to be a maladaptive immune response and has been linked to diseases such as asthma, insulin resistance, nonalcoholic fatty liver disease, diabetes mellitus, and cardiovascular disease. 9, 10 Studies in both humans and animals have suggested that individuals with excess adiposity develop an exaggerated inflammatory response to infection, 11, 12 although conflicting results have been reported on the influence of obesity on sepsis incidence, morbidity, and mortality. Obese adults with sepsis may experience a different clinical course from normal weight adults, with some evidence for longer duration of mechanical ventilation, higher rates of nosocomial infections, skin infections, infections by gram-positive bacteria, and renal failure at admission but lower rates of bone marrow suppression. [13] [14] [15] [16] In the pediatric population, the impact of weight status on in-hospital outcomes and resource use in critically ill patients is an emerging area of study that similarly has yielded conflicting results. For instance, hospitalized obese children under 20 years of age with sepsis had higher occurrence of organ dysfunction and longer hospitalization compared to normal weight patients, with no difference in in-hospital mortality. 17 Other pediatric studies have similarly not identified differences in mortality rate by obesity status, [17] [18] [19] although there have been reported differences in resource use and morbidity, including longer hospital stay for obese children with status asthmaticus 20 and higher rates of hospital-acquired infections in obese children undergoing mechanical ventilation. 18 A protective effect of obese/overweight status, known as the "obesity paradox," has been described in the critically ill adult population. 14, 21 Similarly, the "obesity paradox" was described among children with acute respiratory distress syndrome wherein the obese children with indirect lung injury (sepsis, trauma, transfusion-related, complete congenital cardiac repair, and vasculitis) had a lower risk of mortality than children with normal weight. 22 Given the conflicting literature regarding their response to infection and the associated mortality, morbidity, and resource use among children with obesity, it was hypothesized that children with an elevated BMI experience a more complicated clinical course during sepsis admissions. This study was conducted to investigate the impact of an obesity/overweight status on the microbiology, length of stay, need for technology, and mortality among children admitted to the pediatric intensive care unit (PICU) with sepsis.
Methods

Study Sample
We reviewed the medical record charts of all patients between 0 and 20 years of age admitted to the PICU at the C.S. Mott Children's Hospital-University of Michigan between January 2009 and December 2015 with a diagnostic code for sepsis at admission (based on International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] codes) and with weight and height measurements at PICU admission. The hospital-based Virtual PICU System database was queried to obtain study data. Seven hundred eighty-nine patients between 0 and 20 years of age and a diagnosis of sepsis at PICU admission had records available. Three hundred thirty-five were excluded due to missing height or weight values. A total of 454 participants met the inclusion criteria and were included in the final analysis. Body mass index z scores and BMI percentiles were calculated using the World Health Organization macro 23 for individuals aged less than 24 months old. For individuals aged 24 months to less than 20 years, Centers for Disease Control and Prevention cutoffs 24 were used for BMI. Seventy-six (16.7%) participants with a BMI percentile <5th were considered underweight and were excluded from the analysis due to the concern of other underlying illnesses. Three hundred seventy-eight participants were included in the final analysis. According to the BMI percentile, individuals at or above the 5th and below the 85th percentile were considered to have normal weight, those at or above the 85th and below the 95th percentile were considered overweight, and those at or above the 95th percentile were considered obese. The study was approved by the institutional review board of University of Michigan. 25, 26 score as a marker of illness severity assigned during the first day of PICU admission. 4. Pediatric intensive care unit technology and the duration of use in days: invasive mechanical ventilation (conventional ventilation or high-frequency oscillatory ventilation), noninvasive positive pressure ventilation (bilevel positive airway pressure [BiPAP], or continuous positive airway pressure [CPAP], tracheostomy, central venous catheterization, in-dwelling, or tunneled vascular access devices (portacath and broviac catheters), arterial catheterization, intermittent hemodialysis, continuous renal replacement therapy (CRRT), and extracorporeal membrane oxygenation (ECMO).
Study Variables
Pediatric Logistic Organ Dysfunction Score
(PELOD) 27,28 as a marker of organ dysfunction assigned on the first day of admission. 6. Pediatric intensive care unit mortality. 7. Pediatric intensive care unit length of stay.
Statistical Analysis
After descriptive analysis of patients by weight status, patient clinical characteristics, use of PICU technology, mortality, and length of PICU stay were compared between overweight/obese patients and normal weight patients using w 2 tests for categorical variables, and either student t test or Mann-Whitney U test for parametric or nonparametric continuous data, respectively, as appropriate. Given the presence of in-dwelling or tunneled vascular access devices in some patients prior to PICU admission, comparisons of the use of these devices were performed with and without these patients, and there was no statistically significant difference according to patient weight status. Median duration of PICU technology use was compared by weight status using Mann-Whitney U test.
Logistic regression models were fit to assess the independent effect of obesity/overweight status on the use of PICU technology, after adjusting for patient severity of illness and age. When evaluating outcomes related to CRRT or intermittent hemodialysis, models were run that were additionally adjusted for estimated glomerular filtration rate (eGFR) to control for the impact of eGFR on renal-related interventions. The eGFR was estimated using the revised Schwartz estimate with k ¼ 0.413, calculated from height and serum creatinine measured at admission. 29 Logistic regression models predicting odds of CRRT or intermittent hemodialysis included adjustment for patient age (represented as a 10-month change), PRISM III score, and eGFR. A P value of .05 was considered statistically significant.
Results
Three hundred seventy-eight children (between 0 and 20 years of age) with a diagnostic ICD-9-CM code for sepsis at PICU admission, with weight and height measurements on PICU admission, and with a BMI percentile >5th were included in the final analysis.
Baseline Demographics
Of the 378 patients studied, 222 (58.7%) had a normal weight, while 156 (41.3%) were either overweight (15.4%) or obese (25.9%). There were no significant differences in age, sex, or PRISM III score on admission by obesity/overweight status (Table 1) . This is consistent with the current overweight/obesity rates in the state of Michigan, where 32.0% of children between 10 and 17 years of age are overweight or obese. 30 
Pediatric Intensive Care Unit Mortality and Length of Stay
Pediatric intensive care unit mortality and length of stay were similar between obese/overweight and normal weight patients (Table 1 ).
Organ Dysfunction: PELOD
One hundred ninety-one of 222 normal weight and 143 of 156 overweight/obese participants had PELOD scores reported at admission. Pediatric Logistic Organ Dysfunction Score ranged from 0 to 61 in the normal weight group (mean ¼ 11.57, SD ¼ 9.19) and from 0 to 40 in the overweight/obese group (mean ¼ 10.90, SD ¼ 8.06). These distributions were not different between the normal weight and overweight/obese individuals (P ¼ .87).
Microbiologic Etiology of Sepsis
The distribution of bacterial, viral, and fungal infection frequency did not differ between overweight/obese patients and normal weight patients (P ¼ .36; Figure 1 ).
Pediatric Intensive Care Unit Technology
Overweight/obese patients were more likely than patients with a normal weight to receive ECMO (5.8% vs 1.8%; P ¼ .04) and CRRT (10.3% vs 4.5%; P ¼ .03), while the frequency of use of invasive mechanical ventilation, BiPAP, CPAP, central venous catheters, arterial catheters, tracheostomy, and hemodialysis were similar between the 2 groups ( Table 2 ). The duration of use of CRRT was also significantly longer in overweight/obese patients, although the duration of use of other PICU technologies did not differ by weight status (Table 3) . After multivariate adjustment, the relationships identified above persisted: Overweight/obese patients had elevated odds of ECMO use (odds ratio [OR]: 4.6; 95% confidence interval [CI]: 1.2-18.1; P ¼ .03) and CRRT use (OR: 2.8; 95% CI: 1.1-6.8; P ¼ .03) after adjustment for PRISM III score and age in months (Figure 2A ). Odds of use of other PICU technologies did not differ by weight status.
Kidney Function and Renal Replacement Therapies
Given the increased odds and duration of CRRT in overweight/obese patients, we sought to more closely examine kidney function and need for renal replacement therapies (CRRT and intermittent hemodialysis) in these patients. As depicted in Figure 2B , the median eGFR at admission was significantly lower in overweight/obese patients compared with normal weight patients: (114.8 mL/min/1.73m 2 [range: 7.7-454.3, SD: 77.2] vs 122.6 mL/min/1.732 [range: 11.8-483.2, SD: 91.2]; P < .01). Interestingly, as shown in Table 4 , among those who had eGFR available, after adjustment for eGFR at admission, overweight/obesity status remained significantly associated with elevated odds of CRRT use (OR: 3.00; 95% CI: 1.16-7.65).
Discussion
Critically ill children with sepsis who were either obese/overweight or of normal weight had no difference in the microbiologic etiology of sepsis, duration of stay in the PICU, or the survival status at the end of the PICU stay. Importantly, there was a significantly higher use of specialized technology including CRRT and ECMO among the obese/overweight children, in comparison with the normal weight children.
Compared to prior studies among children with critical illness according to weight status, the current study incorporated several patient care process variables, such as the use of PICU technology, in the overall assessment of patient outcomes and resource use. By using a single center, many other variables are controlled for, and further participant data were available in this study compared to prior investigations. The higher frequency of use of CRRT and ECMO among overweight/obese patients raises the specter of greater occurrence of multiple organ dysfunction among these children in comparison with normal weight children. This increased resource use was independent of illness severity at PICU admission, a finding that might be related to the development of organ dysfunction over the course of the PICU stay which will not be captured using measures of illness severity assessed at the time of PICU admission. Future studies of the trajectory of illness among critically ill children with sepsis will need to incorporate existing longitudinal measures of organ dysfunction and illness severity 27, 28, 31, 32 that will permit continual assessment of risk of morbidity, need for specialized organ-supportive technology, overall resource use, and patient outcomes.
Given the previously described association of use of PICU technology with illness severity, 33 it can be surmised that obese/overweight patients might have had progressively worsening multiple organ dysfunction that resolved with the use of highly specialized technology which in turn might have lowered the likelihood of death if the patients responded to treatment. Future study of the attributable cost burden that might result from the higher use of this specialized technology among the obese children is warranted.
Further, it appears that overweight/obese children with sepsis are more susceptible to severe acute kidney injury and cardiorespiratory decompensation requiring CRRT and ECMO, respectively. Given that the increased odds for requiring CRRT persisted despite accounting for admission eGFR, it is possible that overweight/obese pediatric patients with sepsis progress to renal failure more rapidly than their normal weight counterparts. It is noteworthy that a prior study in critically ill adult patients with sepsis also identified increased rates of renal failure on day 1 of ICU admission among obese patients, despite similar baseline rates of chronic kidney disease. 14 It is possible that the chronic inflammatory state of obesity primes tissues such as the kidney to be at a higher risk of organ dysfunction during this state of illness.
The current study has limitations that need to be taken into account in interpreting the findings. The observational and retrospective nature of the study lends it to residual confounding given unobserved variables. Also, the data on weight and laboratory values were from the first day of PICU admission, making it impossible to assess the impact of daily changes in the data on patient outcomes and resource use. Another limitation is height assessment on critically ill patients; for patients 0 to 2 years of age, length is used to measure stature. Also, obtaining an accurate height in the pediatric critical care setting is often difficult and supine length might be the most common method used to evaluate the height in these patients. In addition, we did not have data to allow us to determine a preexisting history of renal disease. There were no mortality or morbidity data beyond PICU discharge, limiting the ability to assess the impact of weight status on clinical recidivism (hospital readmissions), late mortality, functional status, and long-term resource use, among survivors of critical illness. This study describes a new association between obesity and kidney dysfunction in overweight and obese children with sepsis. It is possible that the chronic inflammatory state induced by obesity leads to this higher risk of organ dysfunction. Future research will need to investigate the mechanism by which elevated BMI may alter sepsis course in children with emphasis not only on clinical outcomes of mortality and length of stay but also on differences in longitudinal measures of organ dysfunction that might be associated with outcomes and resource use. Models included obesity/overweight status, Prism III Score, age in months (per 10-month increase in age), and estimated glomerular filtration rate (per 5 unit increase). One hundred fifteen patients with missing values of estimated glomerular filtration rate were excluded from the model.
